space that are measured in the packed bed approach, the resulting relationships are not directly applicable
ditions, the magnitude of solute dispersion at any given function to predict ␣ from existing databases of soil hydraulic properflow rate is controlled by the pore-space geometry (Perties. Further research is needed to independently validate its predicfect and Sukop, 2001 ). Since it is the geometrical chartive capability, and to develop strategies for upscaling the model preacteristics of solids or aggregates rather than the pore dictions.
space that are measured in the packed bed approach, the resulting relationships are not directly applicable N umerous mathematical models are available for to undisturbed soil. While studies involving artificial macropores (Kanchanasut et al., 1978 ; Li and Ghodrati, describing solute transport in soil. Of these, the 1997) may provide more information on the relationship ADE is the most widely used. For steady state, onebetween solute spreading and pore-space geometry, dimensional water flow, the ADE for a nonreactive they are subject to similar criticisms regarding their apsolute is given by (Fried and Combarnous, 1971): plicability to natural systems. In terms of heterogeneous systems, Anderson and (1977) observed greater Cl dispersion in undisturbed soil samples with subangular blocky structure as where C is concentration of solute in the soil water (M compared with those with prismatic structure. Walker L Ϫ3 ), t is time (T), x is distance (L), D is the dispersion and Trudgill (1983) reported significant correlations becoefficient (L 2 T Ϫ1 ), and v is the mean pore-water veloctween solute transport parameters and several poreity (L T Ϫ1 ). Equation [1] is normally applied to large geometry variables measured by image analysis of soil volumes of homogeneous soil. Parker and van Genuchthin sections. Gist et al. (1990) showed that tracer disperten (1984) have shown that, with appropriate boundary sion in consolidated rocks was a function of the width conditions, it is able to reproduce the highly asymmetric of the pore-size distribution determined by Hg porobreakthrough curves obtained from short laboratory simetry. Network model simulations by Bruderer and columns, even when continuous macropores are presBernabé (2001) indicate that for a given flow rate, solute ent. However, the use of Eq. [1] under such conditions dispersion increases logarithmically as the normalized remains a contentious issue (Germann, 1991; Feyen et geometric standard deviation for a log-normal distribual., 1998).
tion of pores increases. Because D in Eq.
[1] depends upon v, it is desirable Several authors have investigated the relationship beto define an alternative mixing parameter, the dispersivtween pore structures revealed by dye-staining patterns and solute-transport parameters. Seyfried and Rao (1987) and Vervoort et al. (1999) distributions can result in similar water-retention curves, Three subsamples were obtained from each of the four field and that solute dispersion is more sensitive to the waterreplications. Sampling took place in May 1998, before tillage retention curve than the pore-size distribution.
in the conventional-till treatment.
Databases of soil hydraulic properties are widely
The 5.37-cm diam. by 6-cm long aluminum sleeves containavailable (e.g., Rawls et al., 1991; Leij et al., 1996) .
ing the soil columns were sealed in plastic bags, transported
Thus, if solute breakthrough curves and soil hydraulic to the laboratory and stored at 4ЊC until required for analysis.
properties were measured simultaneously on samples Upon removal from storage, the columns were trimmed to from a wide range of soil types, pedotransfer functions remove any excess soil and were saturated from below with (Bouma, 1989) could be developed to predict ␣ from information stored in existing databases. Pedotransfer properties. They have been widely used to predict input The major objectives of this study were: (i) to simulta- hydraulic properties on undisturbed columns from a column once every minute. The voltage output of the conductivity bridge (proportional to electrical conductivity) was similarly switched between one of four analog-digital conversion channels on a computer data acquisition board (CIO-DAS08/ The voltage data were normalized to the voltage prior to inlet on the Tempe cell was connected to a precision peristaltic the solution step change (taken as C/C 0 ϭ 0) and to that after pump (Technicon AutoAnalyzer Proportioning Pump III, complete breakthrough was attained (taken as C/C 0 ϭ 1). Technicon Corp., Tarrytown, NY). The bottom outlet on the Typical breakthrough curves are shown in Fig. 2 . The breakTempe cell was connected to a plexiglass conductivity cell, through curves were analyzed using the method of moments with electrodes formed by the faces of two stainless steel (Skopp, 1984; Jury and Sposito, 1985; Leij and Dane, 1991 ], central time moments apparatus-induced dispersion relative to that produced by the for a step increase in solute concentration were computed soil columns.
using the trapezoidal rule (Yu et al., 1999) . The ADE parameThe experimental setup for the miscible-displacement exters, v and D, were estimated from M 1 and M 2 using the periments is illustrated in Fig. 1 . A steady flow of ෂ1.4 mL following expressions (Yu et al., 1999) : min Ϫ1 of 0.009 M CaCl 2 solution was pumped through the soil columns from top to bottom. A standpipe was connected to
the inflow side of the Tempe cell to measure the head (⌬h ) developed across the column (Fig. 1) . If the head exceeded that available in the laboratory, a pressure transducer (Tensimeter, Soil Measurement Systems, Tucson, AZ) was attached in place
of the standpipe. Saturated conditions and a constant outflow head were maintained by piping the conductivity cell discharge where ᐉ is the length of the column [L] . By substituting Eq. back up to the top of the column (Fig. 1) . The head was
[2] and [3] into our previous definition of dispersivity, an controlled at the outlet by a drip point. Assuming no head estimate of ␣ is obtained. loss over the conductivity cell, the head loss over the sample Upon completion of the miscible-displacement experiis known and was used to determine the saturated hydraulic ments, a water-retention curve was determined for each colconductivity during the solute transport experiments.
umn. For the Maury and Karnak soils, the retention measureAfter ෂ20 pore volumes, the concentration of the influent ments were performed on the undisturbed columns using solution was changed to 0.001 M CaCl 2 . When breakthrough hanging water columns (Klute, 1986) over the tension range was complete, the influent solution concentration was switched 0 to 5.0 ϫ 10 0 kPa, and pressure plates (Klute, 1986) from back to 0.009 M CaCl 2 . These concentrations were selected 5.0 ϫ 10 0 to 1.7 ϫ 10 2 kPa. Pressure plates were used in to produce a mean ionic strength similar to field conditions conjunction with disturbed subsamples over the range 1.7 ϫ (Seaman et al., 1995), and to maintain the structural integrity 10 2 to 1.5 ϫ 10 3 kPa (Klute, 1986) . For the other soils, the of the samples. Because of possible density-driven unstable undisturbed columns were employed down to a tension of mixing during a step increase in solute concentration with 1.0 ϫ 10 2 kPa using the same techniques as before. A dewpoint downward flow, only the step decrease was used to compute water activity meter (Gee et al., 1992) was then used in conthe breakthrough curve.
junction with disturbed subsamples to obtain the water-retenFour columns were run at a time, with the conductivity tion curve from 1.0 ϫ 10 2 to 4.8 ϫ 10 5 kPa. cells connected to a YSI Model 35 conductivity bridge (YSI The water-retention curves were parameterized with the Scientific, Yellow Springs, OH) via a multiplexer. The multiplexer was controlled by a computer, and switched to each Campbell (1974) The mean values of eff are given in Table 3 . Comparitotal porosity () and saturated hydraulic conductivity (K sat ), son of the calculated eff values in Table 3 with the were used to characterize the hydraulic properties of each corresponding measured values of in Table 2 suggests column.
that effluent electrical conductivity was a conservative indicator of the water flux in most cases. For the Alle-
RESULTS AND DISCUSSION
gheny, Jefferson, and Pope soils however, eff ϾϾ indicating retardation of ions relative to the water flux. The textural classes of the six sampled soil types Cation adsorption in transport experiments is well docuranged from loamy sand to silty clay (Table 1 ). This mented (e.g., Schweich et al., 1983; Kool et al., 1989) . relatively wide range in soil texture, coupled with the Less well known is anion adsorption, which can occur different management practices, produced a variety of in highly weathered acid soils such as Ultisols (Bellini pore structures and associated hydraulic properties (Taet al., 1996; Korom, 2000) . The Allegheny and Jefferson ble 2). Total porosity was the least variable property soils are both classified as Ultisols (see Table 1 ), and measured; there was no obvious relationship between we speculate that they had appreciable anion as well as the mean and soil texture (Table 2 ). In contrast, both cation-exchange capacities which, combined with the a and b generally increased with increasing clay content low ionic strength of the solutions employed, served to ( Table 2 ). The saturated hydraulic conductivity varied retard the movement of both cations and anions. Seaover three orders of magnitude, with values generally man et al. (1995) observed a similar phenomenon with increasing with increasing porosity (r ϭ 0.41**).
highly weathered, sandy aquifer material. Use of higher The estimates of v and D for the different soils and ionic strength solutions, much greater than would normanagement practices are summarized in Table 3 . Bemally be encountered in the field, is recommended to cause of the constant flow rate produced by the peristaleliminate this possibility in future laboratory studies. tic pump, the v parameter exhibited relatively little variThe mean dispersivities ranged from Ͻ0.5 cm for ability, both between and within soil types. The smallest Bruno loamy sand to Ͼ20 cm for Karnak silty clay and largest values of D were obtained for the loamy (Table 3 ). Figure 4 shows the mean ␣ values ranked sand and silty clay soils, respectively (Table 3) . Within from low to high, along with their corresponding texsoil variability was extremely high for the D parameter, tural classes. It can be seen that dispersivity generally with coefficients of variation ranging from 30 to 700%. increased sequentially moving from the coarser to finer The estimates of D generally increased as v increased textural classes. (Fig. 3) . Numerous authors have reported positive corSimple linear correlations between the solute-transrelations between D and v. The most frequently encounport parameters and soil hydraulic properties are given tered models are linear and power law relationships in Table 4 . The ␣ was the most sensitive solute-transport (Perfect and Sukop, 2001) . Network simulations suggest parameter, producing significant correlations with three a transition from Taylor dispersion (D ϰ v 2 ) in homogeout of the four soil hydraulic properties investigated. nous porous media to mechanical dispersion (D ϰ v)
The dispersivity increased as decreased, as a inin heterogeneous porous media (Bruderer and Bernabé , 2001 ). In our study involving undisturbed soils, a linear model gave the best overall fit to the data (Fig. 3) .
Following Elprince and Day (1977) , we treated both v and D in Eq.
[1] as adjustable parameters. This enabled Table 5 , versus observed dispersivities.
creased, and as b increased (Table 4 ). The inverse relationship between and ␣ is to be expected, since the gated. Inclusion of additional data for sands and clays tortuosity of connected flow paths increases as the pomight improve the overall goodness of fit. Another rosity approaches the percolation threshold (Eggleston source of unexplained variability is the different methand Pierce, 1995). The positive relationship between ␣ ods used to measure the water-retention curves for the and a implies that fine-textured soils are more disperdifferent soils. It is also possible that the suite of presive than coarse-textured soils. Similarly, the positive dictor variables investigated (i.e., , a , b, and K sat ) did relationship between ␣ and b means that dispersivity not provide a sufficiently complete or sensitive descripincreases as the width of the pore-size distribution intion of the actual pore-space geometry. creases. A similar conclusion was reached by Vervoort
In an example application we used the regression et al. (1999) . coefficients in Table 5 as a pedotransfer function to The results of stepwise multiple-regression analyses predict ␣(␣ pred ) from the soil-water retention database relating the solute-transport parameters to soil hydrauof Cosby et al. (1984) . These authors presented mean lic properties are summarized in Table 5 . Once again values of a and b for 11 soil textural classes ranging dispersivity was the most sensitive parameter, with a from sand to clay. Their data are reproduced in Table and b combining to explain ෂ50% of the total variation 6 along with our predicted dispersivities. All of the prein ␣ (Table 5) . Dispersivity increased as both a and b dictions were physically reasonable (i.e., no negative ␣ increased. Neither nor K sat contributed significantly values). Furthermore, there was a clear trend towards to the prediction of ␣ once these two water-retention increasing dispersivity with increasing clay content. The parameters were accounted for. Comparison of the obrange in ␣ pred for the 11 textural classes was 12 cm (Table  served and predicted dispersivities (Fig. 5) indicated the 6). Given Fig. 5 , this value is probably somewhat lower regression model tends to over-predict small values of than the actual range in dispersivities that might be en-␣, and under-predict large values of ␣.
countered. The fact that multiple-regression analysis could ex-A potential restriction on the use of our pedotransfer plain only half of the total variation in ␣ may be related function is the dependence of ␣ upon the measurement to the relatively narrow range of soil textures investiscale. Estimates of ␣ tend to increase as the size of the solute transport experiment increases (Neuman, 1990; Table 4 . Correlations between solute transport parameters and Gehlar et al., 1992) . In this context, we note that all of soil hydraulic properties. † the predictions in Table 6 are for 6-cm long columns. 
